Abstract: A conducting polyaniline-Fe 3 O 4 nanohybrid was synthesized via click coupling of iron oxide nanoparticles and 2-ethynylaniline. Covalent functionalization of the azide-functionalized iron oxide nanoparticles and the 2-ethynylaniline was confirmed with Fourier transform infrared spectroscopy and x-ray photoelectron spectroscopy, and the coating of polyaniline on iron oxide nanoparticles was confirmed with field-emission scanning electron microscopy. The nanohybrid incorporated into a poly(vinyl alcohol) (PVA) matrix by solution casting showed excellent compatibility with the PVA. Consequently, the mechanical properties and electrical conductivities of the resultant composite films were improved remarkably. This click coupling protocol offers the possibility of completely combining the extraordinary performance of nanohybrids with PVA properties.
Introduction
Conducting nanohybrids have potential applications for use in sensors, actuators, batteries, light emitting diodes, and electromagnetic interference shielding devices [1, 2] . Among the conducting polymers, polyaniline (PANI) has received a great deal of attention due to its good environmental stability, easy doping-dedoping by chemical means, and facile synthesis. It can be readily prepared in bulk by chemical oxidative polymerization of aniline under controlled conditions. Compared with many other π-conjugated polymers, PANI shows sufficient stability for practical applications. The properties of these conducting polymers can be easily manipulated by the incorporation of nanomaterials. It is because the nanoscale particles are more attractive due to intriguing properties arising from the nanosize and large surface area [3] [4] [5] .
The incorporation of nanoscale fillers can alter the physical and electrical properties of conducting polymers. Various metallic and metal oxide nanosize particles have so far been inserted into the shell of conducting polymers giving rise to a host of nanocomposites. Magnetic nanoparticles of Fe 3 O 4 have recently attracted considerable attention because of their potential applications in magnetic separation, biosensor, biological imaging, and drug delivery [6, 7] . Various methods such as in-situ polymerization, electrochemical methods, and sol-gel methods have been used to prepare polyanilinebased nanocomposites; however, all these methods involve complicated techniques and special equipment [8, 9] . Sharpless et al. reported on the Cu(I)-catalyzed [3+2] Huisgen cycloaddition reaction of azides and alkynes moieties. The use of this click chemistry for the functionalization of nanomaterials has received widespread attention from researchers in fields ranging from organic synthesis to materials chemistry. The advantages of the click reaction are its high functional-group tolerance, purity, and yields obtained under standard reaction conditions [10] [11] [12] [13] [14] [15] [16] . Poly(vinyl alcohol) (PVA) is recognized as one of the very few vinyl polymers soluble in water. Accordingly, increasing attention is devoted to the preparation of environmentally compatible PVA-based materials for a wide range of applications.
In this paper, click chemistry has been utilized to assemble PANI and Fe 3 O 4 nanoparticles. We demonstrate a successful route for the covalent attachment of azide-functionalized Fe 3 O 4 nanoparticles to alkyne-functionalized aniline via click coupling. The Fe 3 O 4 /PANI nanohybrid was also incorporated into PVA as a reinforcing filler, which resulted in high-performance nanocomposites. These reinforcing agents can be homogeneously dispersed in the polymer matrix with favorable interfacial adhesions; thus, exhibiting strong reinforcement of PVA. The structure, morphology, mechanical property, and electrical conductivity of the nanohybrids have been investigated.
Experimental

Materials
Diethyl(3-bromopropyl) phosphonate, trimethylsilyl bromide, 2-ethynylaniline, sodium azide, isoamyl nitrite, copper bromide, PVA (Average molecular weight=89,000-98,000 and 99+% hydrolyzed) and N,N,N',N',N''-pentamethyldiethylenetriamine (PMDETA) were purchased from Sigma Aldrich and used as received. Iron oxide nanoparticles (Fe 3 O 4 , 98%, 20-30 nm) were purchased from NanoAmor Nanostructured & Amorphous Materials, Inc., USA.
Synthesis of Fe 3 O 4 -polyaniline Nanohybrid
3-Azidopropylphosphonic acid was synthesized by the azidation of diethyl(3-bromopropyl)phosphonate and was subsequently converted to the phosphonic acid ligand, as reported elsewhere [10, 17] . For the synthesis of the azide moiety-containing magnetic nanoparticles (Fe 3 O 4 -N 3 ), a 30 ml glass vial was charged with 3-azidopropylphosphonic acid (500 mg), Fe 3 O 4 nanoparticles (500 mg), chloroform (5 ml), and methanol (0.5 ml). The vial was tightly sealed, and the mixture was sonicated for 2 h at room temperature. The resulting product was magnetically separated, and the supernatant liquid was decanted. The particles were washed three times with methanol, and the product was dried in a vacuum oven (50 o C) for 72 h to yield Fe 3 O 4 -N 3 as a lightbrown powder.
Coupling of the ethynylaniline and azide moiety-containing magnetic nanoparticles was carried out via Cu(I)-catalyzed click chemistry. 50 mg of Fe 3 O 4 -N 3 was dispersed in 10 ml of dimethylformamide (DMF) by sonicating at room temperature for 10 min in a bath sonicator. The solution was then added to a two-neck flask containing 5 ml of ethynylanilinesolution in 10 ml of DMF. After the addition of 10 mg of copper bromide and 10 μl of PMDETA, the solution was heated to 85 o C with continuous stirring for 48 h under a nitrogen atmosphere. After the reaction was completed, the product was filtered and washed with DMF. The product was then washed with methanol using 0.45 μm pore filter paper and dried under vacuum.
The aniline-functionalized Fe 3 O 4 and pure aniline monomer (0.5 g) were dispersed in 25 ml of 1 M HCl solution using the bath sonicator. The solution was then placed in an ice bath, and 100 ml of potassium persulfate (prepared in 0.1 M HCl) was added dropwise to the above solution with continuous stirring over 2 h. The solution was then refrigerated overnight. The resultant slurry was filtered and washed thoroughly with double distilled water to remove excess acid and any trace of potassium persulfate until the filtrate became colorless. The filtrate was then rinsed with excess methanol. The product was dried at 60 o C for 24 h, and the fine powder nanohybrid was obtained by grinding the material with a mortar and pestle. The same procedure was followed for the synthesis of pure polyaniline.
Fabrication of PVA Nanocomposites
The nanocomposites of Fe 3 O 4 /PANI with PVA were prepared by the solution casting method. Depending on the wt% of the nanocomposites (Table 1) , the required amounts of Fe 3 O 4 /PANI and pure PANI were initially dispersed in water (10 ml) using bath sonication at room temperature. These solutions were then combined with a 10 wt% solution of PVA in water to yield a total nanocomposite mass of ~2 g.
Characterization and Measurements
FT-IR spectroscopic measurements were performed using a Jasco FT-IR 300E spectrometer. X-ray photoelectron spectroscopy (XPS, ESCSA 2000) was used to investigate the surface compositions of the nanohybrid. AlK α radiation was used as the X-ray source for the XPS measurements. The surface morphology of the nanohybrid was observed via transmission electron microscopy (TEM, JEM 2100F, JEOL) and FE-SEM (S-4300SE, Hitachi).The mechanical properties of the composite films were measured using an Instron 4468 ultimate tensile testing machine.
Results and Discussion
The covalently functionalized Fe 3 O 4 /PANI nanohybrids described in this study were prepared by click chemistry between azide-functionalized Fe 3 O 4 and ethynylaniline as shown in Figure 1 . We utilized the strong binding interactions between phosphonic acids and oxide surfaces to synthesize azide-functionalized nanoparticle surfaces. Phosphonic acids, derived from phosphonates and phosphates, bind strongly and quickly to oxide surfaces, and can be attached merely by dip coating, stirring and heating, or by brief ultrasonication [17] . The azide-functionalization of the Fe 3 O 4 nanoparticles was carried out by sequentially reacting Fe 3 O 4 nanoparticles with (3-bromopropyl)phosphonic acid (BPPA) and sodium azide. Further proton nuclear magnetic resonance ( 1 H-NMR) spectra (Figure 2(a) ) of BPPA are shown at 3.56 ppm, 2.0 ppm, 1.6 ppm, and 2.5 ppm (DMSO-d 6 ) confirming the complete synthesis of BPPA [15] . Figure 2( [17, 18] , which indicates the completion of the click coupling reaction.
In order to further investigate the composition of nanohybrid, the XPS analysis of azidated Fe 3 O 4 and Fe 3 O 4 /PANI nanohybrid was performed (Figure 3(a) ), which demonstrated the presence of C, O, P, N, and Fe in both materials [19] . The highresolution spectrum for N 1s in Fe 3 O 4 /PANI did not show any peak corresponding to an azide group at 405.0 eV (Figure 3(b) ) [10] . This suggests that a 1,2,3-triazole ring was successfully formed by click coupling reaction. The FE-SEM image of the nanohybrid (Fe 3 O 4 /PANI) (Figure 4(a) ) shows uniform morphology without any surface defects. This image confirms that controlled click chemistry is a useful method for the fabrication of the Fe 3 O 4 nanohybrid. The TEM image (Figure 4(b) ) of the nanohybrid shows that the polymer matrix is attached to the surface of the granular Fe 3 O 4 . The interior consists mainly of Fe 3 O 4 , whereas the outer surface is made up of PANI having variable thickness.
The solution casting method was used to prepare the freestanding composite films. Smooth, flexible, and mechanically robust films were obtained. The mechanical properties of the films containing polyaniline and the Fe 3 O 4 /PANI nanohybrid in various ratios were determined ( Figure 5(a) ). PVA forms good quality films with appreciable mechanical properties. The introduction of 5, 10, and 15 wt% of polyaniline caused the tensile strength to increase significantly (Table 1) . Wallace et al. [9] reported that the mechanical properties of PVA decreased to some extent with lower fractions of polyaniline, which disrupted the PVA network, thereby resulting in lower values for the tensile strength. In contrast, higher polyaniline fractions results in more uniform combinations of PANI-PVA, thereby increasing the tensile strength. Therefore, we fabricated nanocomposites with higher polyaniline content. The breaking stress values of composites increased significantly on introduction of Fe 3 O 4 /PANI into the feed solution. This is owing to the reinforcing effect and good compatibility of the Fe 3 O 4 /PANI nanohybrid. The elongation-at-break was slightly decreased for the Fe 3 O 4 /PANI composite compared to that for the PVA-PANI composite. It can be concluded that the incorporation of click-coupled Fe 3 O 4 /PANI leads to better mechanical properties for the nanohybrid compared to the PVA-PANI composites alone.
The electrical conductivity of nanocomposites having different amounts of PANI and Fe 3 O 4 /PANI was measured using the 4-probe method. It is clear from Figure 5 (b) that the amount of PANI has a major effect on the electrical conductivity of composites. The conductivity was shown to increase with the amount of polyaniline. The results show that the electrical conductivity of PVA-PANI composites is slightly decreased after the incorporation of the Fe 3 O 4 /PANI nanohybrid. However, it has been shown that the hybrid has a positive impact on the mechanical properties of the composites. The fabrication of these composites may have important implications for the design of conducting actuators with good mechanical properties and high conductivity [20] [21] [22] [23] [24] [25] .
Conclusion
This study has demonstrated the successful synthesis of a Fe 3 O 4 /PANI hybrids via copper (I)-catalyzed azide-alkyne cycloaddition between azide moiety-containing Fe 3 O 4 and ethynylaniline. A high degree of reaction between the azidealkyne was confirmed by IR, TEM, and SEM measurements. The Fe 3 O 4 /PANI hybrids as reinforcing agents can be homogeneously dispersed in the PVA matrix with welldisposed interfacial adhesions, and thus displays a strong reinforcement for PVA with good conductivity. As a consequence, the mechanical properties and electrical conductivity of the resultant composite films were enhanced remarkably for the PVA composites containing the conducting nanohybrid. The versatility of this approach could be extended to many other hybrid assembling systems including conducting polymer and nanoparticles.
